While many ecosystem processes depend on biodiversity, the relationships between agricultural plant diversity and soil carbon (C) and nitrogen (N) dynamics remains controversial. Our objective was to examine how temporal plant diversity (i.e. crop rotation) influences residue decomposition, a key ecosystem function that regulates nutrient cycling, greenhouse gas emissions, and soil organic matter formation. We incubated soils from five long-term crop rotations, located at W.K. Kellogg Biological Station LTER in southwestern Michigan, USA, with and without four chemically diverse crop residues. Increasing crop biodiversity increased soil potentially mineralizable C by 125%, increased hydrolytic enzyme activity by 46%, but decreased oxidative enzyme activity by 20% in soils before residue was added. After residue additions, soils from more diverse cropping systems decomposed all residues more rapidly (0.2e8.3% greater mass loss) compared to monoculture corn. The fast-cycling, 'Active C' pool and microbial biomass N increased with higher cropping diversity, but the differences among rotations in Active C pools was higher for the most recalcitrant residues. Further, the ratio of the cellulose degrading enzyme (b-glucosidase) to the lignin degrading enzyme (phenol oxidase) was highest in the two most diverse crop rotations regardless of residue additions, providing additional evidence of enhanced microbial activity and substrate acquisition in more diverse rotations. Our study shows that crop diversity over time influences the processing of newly-added residues, microbial dynamics, and nutrient cycling. Diversifying crop rotations has the potential to enhance soil ecosystem functions and is critical to maintaining soil services in agricultural systems.
Introduction
Decades of research shows that the loss of aboveground biodiversity and associated ecosystem functions and services is one of humanity's major challenges (Tilman et al., 1997; Cardinale et al., 2012; Hooper et al., 2012) . However, few studies link plant biodiversity to belowground communities and ecosystem processes, limiting our capacity to predict whether future changes in plant communities will influence decomposition and other critical belowground functions. Given that soils sequester carbon (C), store water, support crop growth, and provide other services to our growing population, we have an imperative to better understand the relationships between plant biodiversity and soil processes.
We know that plant species richness may influence soil C accrual, nutrient cycling, and microbial biomass dynamics, but specific relationships vary across sites and systems (Zak et al., 2003; Eisenhauer et al., 2010; Mueller et al., 2013) . For example, Zak et al. (2003) found that increasing species richness from 1 to 16 species in a Minnesota grassland increased soil microbial biomass, nitrogen (N) mineralization, and respiration per-unit-biomass after 7 years. However, they found no effect of plant species richness on bulk soil C or N, and other studies have shown inconsistent effects of plant diversity belowground. Eisenhauer et al. (2010) found that soil microbial biomass, but not respiration rate, was greater with increasing plant species richness. Soil inorganic N has shown both decreasing (Mueller et al., 2013) and increasing (Oelmann et al., 2007) relationships with plant richness. These divergent responses come as no surprise to soil scientists, who have been wrestling for more than a century with soils' staggering biological diversity (Fierer et al., 2007; Caporaso et al., 2011) , complex physical structure (Grandy and Robertson, 2007; Tiemann and Grandy, 2014) , and dynamic organic matter chemistry (Heckman et al., 2013) , all of which confound predictions of aboveground biodiversity effects on soil function across time and space.
Converting complex natural communities to highly simplified agricultural systems is driving global declines in biodiversity (Heywood, 1995; Sala et al., 2000; Tilman et al., 2001) . In agroecosystems, successive, single crop plantings (i.e. crop rotations) create temporal rather than spatial biodiversity. In many industrialized regions, this temporal diversity consists of rotating two crops in two years (e.g. corn-soybean), although both monocultures and longer rotations are not uncommon. Rotational diversity may be further augmented by planting cover crops. Cover crops are not harvested for economic gain but are instead grown to increase soil N, decrease erosion, and increase soil C inputs. Thus, rotations with and without cover crops are used to increase plant species richness, primarily by substituting temporal for spatial diversity. This "temporal biodiversity" makes agroecosystems a unique and tractable testing ground for examining the effects of plant biodiversity on soils.
Although the mechanisms are unclear, increased temporal plant biodiversity may provide some of the same belowground benefits as spatial diversity. These benefits include increased soil N availability (Drinkwater et al., 1998; Sanchez et al., 2001; Tonitto et al., 2006) , increased soil organic matter (SOM) concentrations (Mitchell and Entry, 1998; Grandy and Robertson, 2007; Kou et al., 2012) , increased soil microbial biomass (Ekenler and Tabatabai, 2002; McDaniel et al., 2014) and increased soil microbial diversity (Lupwayi et al., 1998; Suzuki et al., 2012; Xuan et al., 2012) . However, despite this evidence of crop rotation's benefits, their centuries of use in agriculture (Bullock, 1992) , and current prevalence in U.S. cropping systems (82% of current agricultural land; Padgitt et al., 2000) , little is known about the mechanisms by which crop rotations affect soil biogeochemical processes.
Increasing the diversity of plant inputs to SOM with crop rotation may increase microbial community size, functioning, and biodiversity by creating more habitable resource niches (Zak et al., 2003; H€ attenschwiler et al., 2005) . Viewed in light of new concepts emphasizing microbial biomass as the key to SOM formation (Simpson et al., 2007; Grandy and Neff, 2008; Liang and Balser, 2010) , such increases may be more likely to retain residue C in SOM. Furthermore, residue cometabolism with SOM, and conversion of that residue to SOM (Paterson et al., 2009; Kuzyakov, 2010) , may be influenced by long-term rotation effects on soil decomposer communities and SOM. Ultimately, the strong linkage between aboveground biodiversity and soil functioning in crop rotations lies in the quantity, quality, and temporal diversity of crop inputs to soil, because at any one time the spatial plant richness is one.
The general objective of this study was to examine how crop rotational diversity alters the decomposition dynamics of newlyadded residue inputs. More specifically, we used crop residues varying in quality to determine how crop rotation history influences C and N cycling and soil microbial communities. In a year-long laboratory incubation, we examined the decomposition of four crop residues (Red clover, Trifolium pretense; Soy, Glycine max; Corn, Zea maize; and Wheat, Triticum aestivum) in agricultural soils managed for over a decade with five different cornbased crop rotations. Combining rotations varying in diversity from one to five crops with different litter combinations allows us to test the longer-term rotation effects on processing of newly-added crop residues. Our specific research objectives were three-fold: first, we tested variations in potentially mineralizable soil and residue C pools among rotations by modeling respiration rates determined at 30 time points over a 360 day laboratory incubation; second, we examined soil inorganic N produced at 3 time points along the 360 day incubation; and third, we measured microbial biomass C and N (proxies for biological stimulation, short-term C and nutrient processing) and soil enzyme activities (proxies for microbial C and nutrient demand) to understand the microbial regulation of C and N cycling in response to residue and cropping system diversity. We predicted that increased crop diversity would enhance soil biogeochemical cycling in general, but especially for poor-quality residues where there may be resource constraints and/or biochemical obstacles (e.g. high lignin) to decomposition.
Methods and materials

Site and experiment description
Soils for this incubation experiment were collected from the Cropping Biodiversity Gradient Experiment (CBGE) located at the W.K. Kellogg Biological Station (KBS) Long-term Ecological Research site. Mean annual temperature and precipitation at the site are 9.7 C and 890 mm, respectively. The two main soil series found at the site are Kalamazoo, a fine-loamy, mixed, mesic Typic Hapludalf, and Oshtemo, a coarse-loamy, mixed, mesic Typic Hapludalf (KBS, 2013) . The CBGE crop rotation experiment was initiated in 2000, with biodiversity increased through the systematic addition of crops in rotations ranging from single crop monocultures to complex rotations with three different grain crops and two cover crops for a total of five species in a 3-year rotation sequence. The experimental set-up was a randomized block design consisting of 9.1 Â 27.4 m plots with each crop rotation replicated across four blocks. The plots received no external chemical amendments (i.e. fertilizer or pesticides) and the same annual chisel plow tillage to a depth of 15 cm. For further details on the experimental design and agronomic management practices see Smith et al. (2008) .
Soils were collected on November 15, 2011 after corn harvest from the following rotations: monoculture corn (mC), corn-soy (CS), corn-soy-wheat (CSW), corn-soy-wheat with red clover cover crop (CSW1), and corn-soy-wheat with red clover and cereal rye (Secale cereale) cover crops (CSW2). All soils were collected from plots coming out of the corn phase in order to avoid confounding effects of current crop differences. Three soil cores were collected within each plot (0e10 cm), homogenized in the field, and stored on ice in a cooler until arrival at the laboratory. Fresh soils were sieved to 2 mm, brought to 50% water holding capacity (WHC), then pre-incubated at 25 C for 5 days to decompose labile substrates released during soil processing.
Crop residues and laboratory soil incubation
We collected wheat crop residues during spring 2011 and corn, soy, and red clover residues in fall 2011 (Table 1) . Residues were dried at 60 C for 3 days, ground to fragments of~2 mm, and stored until mixed with the soils. To obtain the relative chemical composition of the crop residues we used pyrolysis gas chromatography/ mass spectrometry (py-GC/MS; . After residue addition (at 1.2 g of residue per 100 g of dry soil) and thorough mixing, each soil-residue mixture was divided evenly into three analytical replicates for destructive sampling over the course of the incubation. Each replicate soil sample was placed in a 50 ml test tube, and all three replicate test tubes were placed into a 1 quart canning jar. Jars were placed in a dark environmental chamber set at 25 C and were capped to prevent moisture loss, but caps were frequently removed to prevent CO 2 build-up. Soil moisture was monitored and maintained at 50% WHC by adding deionized water.
CO 2 measurements
To measure soil respiration rates we began by un-capping and aerating the jars. Jars were then re-capped using lids fitted with rubber septa. After capping a gas sample was immediately removed via syringe and injected into an infrared gas analyzer (LI-820, LI-COR, Lincoln, NE). Soils were subsequently incubated for 3e24 h before a second gas sample was removed and CO 2 measured as above. During the first few days after the residue was added, the soils were capped for 3 h in order to avoid excess CO 2 and provide sufficient O 2 . As respiration rates decreased, the time jars were capped increased to 6 and then eventually 24 h when respiration rates were low (about 3 months after residue addition). Soil respiration rate was calculated as the difference in CO 2 concentration between the two sampling time points. We measured respiration rates more frequently at the beginning of the experiment (daily) and less frequently toward the end of the incubation (approximately every other month) for a total of 30 measurements during the study.
Extracellular enzyme activity, inorganic N, and microbial biomass
Soil extracellular enzyme activity (EEA) and inorganic N were measured at four time points: before (T 0 ), one (T 30 ), three (T 90 ), and twelve (T 360 ) months after residue addition, which was the end of the incubation. From each jar, we randomly chose an analytical replicate to destructively harvest at each time point during the incubation. We analyzed seven EEAs including: b-1,4,-glucosidase (BG; cleaves glucose from cellobiose, a cellulose dimer); b-D-1,4-cellobiohydrolase (CBH; cleaves cellobiose from cellulose); b-1,4,-N-acetyl glucosaminidase (NAG; cleaves N-acetyl glucosamine from chitin and peptidoglycan oligomers); acid phosphatase (PHOS; cleaves phosphate groups from organic phosphorus), tyrosine aminopeptidase (TAP; cleaves tyrosine from peptides); phenol oxidase (PO; a lignin oxidizing enzyme); and peroxidase (PER; a lignin oxidizing enzyme that uses peroxide); see Weintraub et al. (2007) for more details on EEAs. Extracellular enzyme activity assays were carried out using soils that were frozen at À20 C following Saiya-Cork et al. (2002) with minor modifications. Running EEA on fresh samples is preferred as freezing can decrease absolute activity (German et al., 2011; Peoples and Koide, 2012) , but other studies found no effect of freezing on EEAs (Lee et al., 2007) or inconsistent effects among enzymes (DeForest, 2009) . We froze soils due to the large number of soil samples at each destructive harvest and our understanding that relative changes in EEA among treatments are less affected by freezing (Lee et al., 2007; Peoples and Koide, 2012) . Briefly, using a blender we homogenized 1 g of soil in 80 ml of sodium acetate buffer at pH 5.6 (the average soil pH at the site). After pipetting soil slurries, enzyme substrates and appropriate standards (L-DOPA for oxidase and MUF for hydrolase enzymes) into 96-well plates, soils were incubated at 20 C for 6 h (BG, CBH, NAG, and PHOS) or 18 h (TAP, PO, and PER). At the end of the enzyme incubation, a Synergy 2 plate reader (BioTek Instruments, Inc., Winooski, VT USA) was used to determine fluorescence at 365 nm excitation and 460 nm emission or absorbance at 460 nm in the case of PO and PER.
We extracted soil inorganic N from soils at all time points (T 0 to T 360 ) by combining 5 g soil samples with 40 ml 0.5 M K 2 SO 4 , shaking overnight, and then filtering the resulting soil slurries through Whatman GF/C (5) filters. Filtrates were frozen and stored at À20 C until analysis. Concentrations of nitrate (NO 3 -) and ammonium (NH 4 þ ) in soil extracts were determined colorimetrically according to the "packet" (Hach; Loveland, CO 80539, USA) methods outlined in Doane and Horwath (2003) and Sinsabaugh et al. (2000) , respectively. Microbial biomass C and N were measured on initial soil samples (T 0 ) and at 30 d (T 30 ) because of large declines in microbial biomass and activity that typically occur after 30 d in these types of incubations . Microbial biomass was determined using a modification of the chloroform-fumigation extraction method (Vance et al., 1987; Scott-Denton et al., 2006) . Briefly, for each soil, two 5 g soil samples were placed into duplicate 50 ml centrifuge tubes. We added 1 ml of ethanol-free chloroform to one set of the duplicates and immediately capped them. The capped chloroform and non-chloroform soils were placed in a fume hood for 24 h before caps were removed and soils aerated for 1 h. Finally, all soil samples were extracted with 40 ml 0.5 M K 2 SO 4 for 1 h on an orbital shaker and resulting soil slurries filtered through Whatman #1 filters. We determined total organic C (TOC) and total N (TN) in the extracts on a TOC-TN analyzer (TOC-V-CPN, Shimadzu Scientific Instruments Inc., Columbia, MD, USA). Microbial biomass C or N was calculated as the difference between TOC or TN in the chloroformed versus non-chloroformed, and corrected for microbial biomass C (0.45; Joergensen, 1996) and N (0.54; Brookes et al., 1985) extraction efficiencies.
Statistical analyses
All data were checked for normality and heterogeneity of variances before statistical analyses. Any variables that were nonnormal or showed low heterogeneity were appropriately transformed in order to meet variance analyses assumptions (Zuur et al., 2010) . Response variables were analyzed using a 2-way analysis of variance (ANOVA), with Residue and Rotation as main effects. Variables measured at more than one time point during the incubation were analyzed with repeated measures ANOVA. The ANOVAs were conducted in SAS 9.3 (SAS Institute, Cary, NC) using the proc mixed function and within main effects we used post-hoc F tests to determine significant differences between means. Block was assigned as a random effect variable within the model. Correlations between variables were analyzed using proc corr, and Pearson's correlation coefficients are reported. Model effects were deemed significant at a 0.05, but Type I error associated with multiple ANOVAs was accounted for using the Sidak correction ( Sid ak, 1967). A 3-pool, 6-parameter exponential decay equation was used to model C mineralization in the soil-residue combinations because it had previously been found to best fit residue decomposition data (Adair et al., 2008) and has also been used to calculate three pools in soil-only incubations (Paul et al., 1999) . The CO 2 data were modeled in SigmaPlot v12.5 (Systat Software, San Jose, CA) using a 6-parameter exponential decay macro. The equation for the model is:
Where F is the CO 2 production rate and M 1e3 are the three respiration rates and k 1e3 are the decay constants associated with 'Active', 'Slow', and more 'Resistant' portions of the respiration curve. Active C pool was calculated by M 1 /k 1 , Slow C pool by M 2 /k 2 , and Resistant C pool by M 3 /k 3 . The Active C pool represents the portion of the respiration curve dominated by the respiration of easily accessible C and is considered to be composed of soluble, low-molecular weight compounds (e.g. carbohydrates and amino acids) that are most easily accessible by the soil microbial community. The Slow C pool represents the portion of the respiration curve dominated by intermediately available compounds (e.g. hemi-cellulose and cellulose) that are less accessible than the Active C pool. The Resistant C pool is the most recalcitrant fraction of the soil-residue respiration curve, where respiration rates often slow to an asymptote. This pool is thought to consist of compounds not easily accessible to the soil microbial community due to their chemical recalcitrance, shielding by lignin, or association with mineral surfaces. When the soil-residue curves were modeled the R 2 values were all >0.90.
We used a multivariate approach to test for significant effects of residue, rotation and the interaction between residue and rotation across all EEA via MANOVA and used principal components analysis (PCA) to visualize relationships among treatments. The multivariate analyses were done in R (The R Foundation for Statistical Computing, Vienna, Austria). Environmental, or predictor, variables were analyzed for correlation with the PCA using the envirfit function, and variables were deemed significant at a 0.05.
Results
The initial (T 0 ; soil without residue addition) soil C, N, NO 3 À , and NH 4 þ were not significantly different among cropping treatments.
However, we found initial treatment effects on soil C:N ratio (P < 0.001), with CS and CSW1 soils significantly greater than CSW soils (Table 2) . Further, T 0 soils showed treatment differences in basal respiration (P < 0.001), with basal respiration generally increasing with crop biodiversity. T 0 microbial biomass C (MBC) and N (MBN) also both increased with crop biodiversity, but only MBN showed significant differences among treatments (Table 2) . Initial enzyme activities from the crop rotations also showed significant differences (Fig. 1) ; we observed increases in hydrolase (BG, CBH, NAG, and TAP) enzyme activities by as much as 46% and decreases in oxidoreductase (PO and PER) activities by as much as 20% with increased crop biodiversity.
CO 2 dynamics
The soils with no residue amendments showed strong differences in potential respiration rates and final potentially mineralizable C (Fig. 2) , with higher rates and greater cumulative C respired in more diverse crop rotations. Compared to monoculture (mC), rotations of 2e5 crops increased potentially mineralizable C by 28, 36, 125, and 86% for the CS, CSW, CSW1, and CSW2 rotations respectively. This trend also extended to the potentially mineralizable C when expressed as a percent of total C (32, 36, 83, and 66%). When the residues were added, soils respired an average of 11.8 mg CO 2 eC g soil À1 across all litter types over the 360 d incubation.
Cumulative CO 2 production showed both a significant Residue (P < 0.001) and Rotation (P < 0.001) effect, but no significant interaction ( Fig. 3 and Table 3 ). More diverse rotations, especially the rotations with cover crops (CSW1 and CSW2), cumulatively respired more CO 2 eC ( Fig. 3 and Table 3 ). Averaged across all residue types, crop rotational history increased cumulative CO 2 production by 0.2, 5.3, 8.3, and 6.6% in CS, CSW, CSW1, and CSW2 respectively, compared to mC. The 3-pool, 6-parameter exponential decay equation effectively modeled residue decomposition with an average R 2 value of 0.96.
Decomposition kinetics varied by residue and the rotation history from which the soil came from (Fig. 3 , Table 3, and Table S1 ). Rotational diversity had the greatest effect on respiration and kinetics early in the incubation and thus on decomposition of more labile pools. For instance, there was a significant Residue*Rotation effect on the 3-pool model k 1 and M 1 parameters (Table S1 ). This was also reflected in the Residue*Rotation effect on the Active C pool (P < 0.001, Fig. 1 ) and Slow C pools (P ¼ 0.028, Fig. 2 ) of potentially mineralizable C calculated from these parameters. There were very small Active C pools in the poorest quality residue (Corn and Wheat) and soil combinations, especially for the lower diversity rotations compared to higher diversity rotations (Fig. 3) . (2) 11 (1) 10 (1) 15 (2) Means and standard errors (n ¼ 4), significant treatment differences are shown in bold (P < 0.05). Significant differences among means are indicated with lower-case letters.
The CSW2 rotation soils plus corn and wheat residues had~10 to 50 times greater Active C pools compared to mC soil combinations with those residues. Residue quality was strongly correlated with overall cumulative CO 2 (Table 4) , with residue C:N correlating most strongly with cumulative respiration (r ¼ À0.77). The Active C pool also correlated positively with residue C, N, and residue protein abundance (r ¼ 0.57, 0.69, 0.58), but negatively with C:N and relative lignin abundance (r ¼ À0.68 and À0.51). The Resistant C pool showed the opposite relationship with lignin (r ¼ 0.47) and protein (r ¼ À0.52).
Soil inorganic N
Soil NH 4
þ and NO 3 -generally increased over time during the 360 d incubation (Fig. 4) . Concentrations of NH 4 þ were very low and inconsistent within residue and soil treatments. Therefore, we combined NH 4 þ and NO 3 À into dissolved inorganic N (DIN).
Patterns in DIN concentrations reflected residue C:N (Fig. 4) ; the residues with high C:N (Corn and Wheat) had lower overall DIN concentrations throughout the incubation. Both Corn and Wheat residues had the greatest increase in DIN between Days 90 and 360. This is in contrast to the higher-quality residues (Soy and Red Clover) that exhibited large increases in DIN from Day 0 and 30 and more variation. Both Residue and Rotation (P < 0.001 and P ¼ 0.004, respectively; repeated measures ANOVA) had significant effects on soil DIN (Table 3) . Averaged across all residue types, crop rotational history changed cumulative DIN by À16, À54, þ7, and þ36% in CS, CSW, CSW1, and CSW2 respectively, compared to mC.
Microbial biomass and extracellular enzyme activities
Microbial biomass (MB) at 30 d was increased, compared to T 0 , in all residue and crop rotation combinations. For instance, the mean T 0 MBC for all crop rotations was 294 ± 122 mg kg soil
À1
. Thirty days after residue additions the average MBC increased to 638 ± 154, 738 ± 106, 537 ± 156, and 543 ± 202 mg kg soil À1 for Red Clover, Soy, Corn and Wheat residues. Microbial biomass showed significant Residue*Rotation interactions (Table 3) . Microbial biomass C generally was lower in the residue with greater C:N ratio (Fig. 5) . Within the corn residue, crop rotations generally increased MBC at 30 d after residue addition compared to mC. However, within the wheat residue both CS and CSW had greater MBC than soils from the most diverse crop rotation (CSW2). Microbial biomass N increased with crop rotations in the two high-quality residues (Red Clover and Soy), except for the Red Clover added to the CSW soil. Conversely, MBN did not differ as much among crop rotation histories when lower quality residues were added, except for the CSW2 rotation having lower MBN than all other rotations within Wheat residue (Fig. 5) . Crop diversity decreased the MBC:MBN, relative to mC with higher quality residues (Red Clover and Soy), but had little effect on MBC:MBN when lower-quality residues were added. Extracellular enzyme activities (EEA), like inorganic N concentrations, generally increased during the initial stage of decomposition, but then some residue and soil combinations declined in later stages (Fig. S1 ). The MANOVA results showed significant main effects (Table 3) , but no interactions. Corn and Wheat, low-quality residues, were associated with lower hydrolase activities, but greater oxidoreductase activities, compared to the high-quality residues (Fig. 6) . Multivariate principal components analysis (PCA) allowed us to determine shifts in all of our measured EEAs, which reflect changes in microbial investment in enzyme production during the incubation, due to crop rotation and residue. Similar to other studies that have used PCA for EEAs (Saiya-Cork et al., 2002; Zeglin et al., 2007; Sinsabaugh, 2010) , we found that the hydrolase and oxidoreductase enzymes separated out onto different axes (Fig. 6) . The overall effect of crop rotation on EEA is also clearly seen along PC1, with the two cover crop rotations (CSW1 and CSW2) having greater hydrolase activity compared to that of the other rotations and mC, during the entire incubation.
The temporal dynamics of EEA showed that microbial investment in C vs N acquisition, expressed as the ratio of C to N acquiring enzymes, BG þ CBH/NAG þ TAP, declined drastically after litter addition at 30 d (Fig. 7) . This indicates that after residue addition the microbial community shifted resources toward N acquisition in response to the addition of C rich crop residue. Also, the poorer quality residues showed greater dips in this ratio reflecting these residues' high C:N. After 30 d the C to N acquiring enzyme ratio increased as microbes became progressively more C, and less N, limited over the incubation. The BG:PO ratio, reflecting cellulose (BG) to lignin (PO) breakdown and the degree to which microbes have to degrade lignin to access cellulose C, decreased over the 365 d incubation. There was no significant residue effect on the BG:PO (Table 3, Fig. 7) , only a significant crop rotation effect. Increasing diversity of the crop rotation increased the BG:PO across all litters (Fig. 7) , and the monoculture corn treatment had markedly lower BG:PO values across all litters and through time.
Enzyme efficiencies, defined as the cumulative amount of CO 2 emitted (or mass lost for residue) per unit cumulative enzyme activity, are commonly used as indicators of the return on microbes' investment in enzyme production (Wickings et al., 2012; Amin et al., 2013; Rinkes et al., 2013) . Soil enzyme efficiencies also showed significant main effects of Residue (P < 0.001) and Rotation (P < 0.001), but no interaction (Table 3 , Fig. S2 ). Red clover, although considered a high-quality residue, required relatively more EEA (hydrolase) for the same amount of CO 2 produced. Generally, across all residues, greater crop rotational diversity increased oxidoreductase efficiencies, while decreasing hydrolase efficiencies.
Extracellular enzyme activities correlated well with residue chemistry, initial soil parameters, and NO 3 -and CO 2 dynamics over the incubation (P values < 0.04, Fig. S3 ). In the initial stages of decomposition (T 0 eT 30 ), PHOS showed a strong positive correlation with respiration rates, and a strong negative correlation with PO. During the intermediate stage of decomposition (T 30 eT 90 ) both PO and PER exhibited strong correlations with respiration rates. In the later stages of decomposition (T 90 eT 360 ), all the hydrolases were negatively correlated with respiration rates, but PO and PER were positively correlated with these rates. These data suggest that as the incubation progressed all soil microbes became increasingly reliant on more recalcitrant substrates. 
Discussion
Although crop rotations are widely used in the U.S. for their agronomic benefits, rotations are typically short (e.g. two crops, corn-soy) and their long-term use is threatened by intensifying demand for a small number of food and fuel crops. Using a unique, long-term agricultural crop diversity experiment, we show that crop rotations induced changes in the microbe-SOM interactions that regulate soil C and N availability, and that such changes shape the processing of new residue inputs varying in chemistry. More specifically, our results point to monocultures bringing about suppressed microbial activity, which is likely due to substrate limitation, a phenomenon observed in reductions in absolute respiration rates and changes in microbial resource acquisition via extracellular enzymes and biomass C-to-N. At the field-scale, the enhanced microbial activity and increase of microbe-available SOM found in more diverse cropping systems are likely promoting improved crop yields (Smith et al., 2008) as well as influencing positive changes in long-term soil C dynamics, compared to their monoculture counterparts.
The crop rotation effect on C and N dynamics
Laboratory incubations allowed for the direct analysis of crop rotation history on decomposition of high and low quality residues without environmental variability. With controlled environmental conditions and the homogenization of soil and crop residues, we could isolate soil microbiological and chemical responses to over a decade of crop diversification and also to contemporary residue inputs. Eleven years of crop rotations influenced initial (T 0 ) soil biological characteristics, (basal respiration, microbial biomass N, and extracellular enzyme activities; Table 2 ), but had little effect on total C and N or inorganic N. High measurement variability appears to be limiting our ability to detect changes in total soil C and N (Kravchenko et al., 2006) , but in a related study sand-corrected C concentrations (which eliminate the mass of C and N free sand particles) are different among treatments (e.g. CSW1, 22.6 g C kg
À1
sand free soil vs mC, 17.0 g C kg À1 sand free soil; Tiemann et al., in review) . Furthermore, Tiemann et al. (in review) showed that increases in crop diversity through rotation increased aggregate stability and altered microbial community composition, which we expect are related to the changes in microbial-SOM dynamics we measured here. Total respired C (without residues, Fig. 2 ) exhibited the strongest responses to rotational diversity, with 125% greater C respired in the four crop rotation (85% when corrected for total soil C concentrations) and 83% greater in the five crop rotation (66% when corrected for total soil C concentrations) compared to mC. Although differences in initial soil characteristics were strongest in the most diverse 4-5 crop rotations that included cover crops, we also observed higher respiration rates in CS (28%; 36% when corrected for total soil C) and CSW (32%; 36% when corrected for total soil C), as well as greater microbial biomass and higher extracellular enzyme activities in these two treatments, compared to mC (Fig. 1 , Table 2 ). Potential C mineralization rates provide insights into microbialavailable carbon, which encompasses a soil's potential biological activity, nutrient provisioning, and capacity for structure formation, as well as serving as an early indicator of longer-term changes in soil C and N availability and C storage. Several studies have shown that agriculture intensification can lead to lowered potential respiration rates and pools of mineralizable C in laboratory incubations. More specifically, inorganic N fertilizer (Al-Kaisi et al., 2008; Grandy et al., 2013) , soil tillage (Doyle et al., 2004; Grandy and Robertson, 2007) , and even lack of crop diversity (Franzluebbers et al., 1995 (Franzluebbers et al., , 1994 Doyle et al., 2004) have been shown to decrease this pool of microbial-available C. Although other studies have found crop rotations to have nil or a negative effect on potentially mineralizable C (Sainju et al., 2007; Meriles et al., 2009 ), we found crop rotation strongly increased potential respiration rates. The variations in the effect of crop rotations on this labile C pool appears to be linked to the crop species studied, and are likely due to the differences in plant contributions to this microbial-available pool of SOM.
Substrate limitation is likely underlying the low potential respiration rates and microbial biomass in the simple compared to more complex rotations. The two lines of evidence supporting this argument are the significantly lower cumulative CO 2 respired per unit soil C in mC compared to the more complex rotations and also the lower ratio of b-glucosidase-to-phenol oxidase (BG:PO). bglucosidase is an extracellular enzyme involved in degrading cellulose, a relatively labile substrate; whereas phenol oxidase breaks down lignin, and has been attributed to microbial C and N mining from soil and plant cell walls (Waldrop et al., 2004; Sinsabaugh et al., 2005; Talbot et al., 2008) . In our incubation the BG:PO ratio remained lower in the monoculture corn treatment over the entire incubation, regardless of the residue added to the soils (Fig. 7) , indicating that rotation history has selected for a microbial community adapted to degradation of poorer quality (or more recalcitrant) SOM in order to acquire C in the mC soil. The BG:PO ratio is correlated with SOM quality (Sinsabaugh and Follstad Shah, 2011) and is also considered an indicator of soil disturbance from land use change or management (Sinsabaugh, 2010) . Land management practices that decrease SOM quantity and/or quality are found to increase PO, thereby decreasing the BG:PO ratio (Sinsabaugh, 2010; Sinsabaugh and Follstad Shah, 2011) . Thus, the depletion of labile substrates in the monoculture corn is clearly indicated by the declines in potential respiration rates as well as the changes in microbial activity and substrate acquisition strategies.
Residue characteristics regulating C and N dynamics
Because of the wide range in chemical composition between high-and low-quality litters (Table 1) , residue quality strongly regulated microbial biomass, extracellular enzyme activities, and the byproducts of decomposition (CO 2 and dissolved inorganic N). The strong residue effect is apparent in the consistent differences between the Red Clover and Soy versus the Corn and Wheat residues (Table 3) , especially for soil enzyme activities. We measured soil extracellular enzymes in this study to represent microbial investment in C and nutrient acquisition, which reflects the supply and demand of substrate C and N. Although recent studies suggest that enzyme activities can be decoupled from substrate availability (Hern andez and Hobbie, 2010; McDaniel et al., 2013) , others find the two are tightly linked (Grandy et al., 2009; Wickings et al., 2012) with the strength of the relationship likely dependent upon the type of enzyme (i.e. constitutive vs. inductive) and the relative influence of abiotic controls (e.g. texture and soil moisture). In this study, we showed that the extracellular enzyme dynamics were strongly related to substrate supply (residue chemistry and initial soil C and N pools) as well as measures of demand (CO 2 and microbial biomass C:N). For instance, the CO 2 produced in the initial 0e30 days of incubation was inversely related to polyphenol oxidase and peroxidase enzymes used in recalcitrant SOM decomposition. This is likely due to the soil microbial communities' reliance on mostly labile forms of C and N during this stage. In contrast, during the later stages of decay (90e360 d) these same enzymes were positively related to CO 2 indicating their role in accessing more recalcitrant forms of C and N later in the incubation. There were few interactive effects of residues and crop rotation history on extracellular enzyme activity, although many enzyme responses showed only significant main effects (Table 3) . When data were corrected for soil C, there were still no significant interactions between residue type and crop rotation, suggesting that the large amount of residue we added was likely an overriding factor.
After residue addition, the chemistry of added litter inputs was a stronger control on respiration rates than crop rotation history (Table 3) , although crop rotation did have direct effects on decomposition dynamics. For instance, averaged across all residue types we found that the soils from more complex rotations had more rapid respiration rates and greater cumulative respiration (Fig. 3) . The four and five crop rotations increased cumulative respiration 8.3 and 6.6%, respectively, compared to the monoculture corn soil across all residue types. Soil inorganic N accumulation during the incubation was more varied than respiration. Across all residue types, final cumulative soil inorganic N was 54% less in the CSW rotation, but 35% more in the CSW2 rotation, compared to that of monoculture corn (Fig. 4) . Enhanced inorganic N concentrations suggest more rapid N mineralization in highly diverse rotations, which was also suggested by Sanchez et al. (2001) , who found that a CeCeSeW rotation with three cover crops mineralized 40% more N from added substrates than a monoculture corn soil. In our study, the marked accumulation of inorganic N may be linked to cover crop interactions. For instance, the CSW1 rotation had only a 7% increase in inorganic N (and non-significant, Fig 4. ) relative to the monoculture soil. Soil from this rotation included both N-fixing crops (soy and red clover), but did not include the rye cover crop mixed with the red clover, indicating that the addition of a non-Nfixing cover crop greatly enhanced N mineralization rates. Overall, diversifying rotations appears to increase C availability more or less linearly, but N mineralized from newly added residues is more varied and is related to cover crop dynamics.
Crop rotation and residue interactions influenced only the Active C pool and microbial biomass. For example, the five-crop rotation soils with corn or wheat residues had Active C pools ten to fifty times that of monoculture corn, but there was no effect on Active C in soils with more labile and N-rich clover or soy residues (Fig. 3) . Furthermore, microbial biomass N was increased, and microbial C:N ratios decreased, by combining increased rotation complexity with the addition of high-quality residues (Red Clover and Soy). This indicates that microbial N status is improved in soils under more diverse rotations with high quality residues. Our results combined with those from field studies showing large increases in microbial biomass, particularly MBN (Ekenler and Tabatabai, 2002; McDaniel et al., 2014) , with increased rotation complexity point to a microbial-driven mechanism where soils in more diverse crop rotations accrue N. Microbial biomass and nutrient cycling are influenced by both the historical effects of rotation and their interaction with contemporary residue inputs. The mechanisms driving these rotation and residue dynamics remains uncertain, but likely involve changes to the structure or function of the microbial community and substrates available to that community. In our study, the enhanced Active C pool in soils with corn and wheat residues combined with the most diverse crop rotation may have resulted from cometabolism of pre-existing substrates in the SOM (Paterson et al., 2009; Kuzyakov, 2010) , whereby cometabolism refers to the use of native SOM to decompose fresh residue inputs. Indeed, crop rotations can increase the size of mineral soil C pools and alter their biochemical composition (Ryszkowski et al., 1998; Senwo and Tabatabai, 1998; Ding et al., 2011) . Therefore, soil microbes in the diverse rotations will have access to greater quantity and quality of substrates for cometabolizing new inputs of recalcitrant residues. Prior to residue additions in our study, the large differences in respiration and soil enzyme ratios indicate that substrate availability likely differed among crop rotation treatments. This is especially true for the cellulose-to-lignin-degrading enzyme ratio (BG:PO), which indicates that soils from more diverse rotations have more available substrates and thus rely less on recalcitrant sources to obtain C or N.
In addition to available C and nutrient resources, rotations may have altered the function and structure of belowground communities; both the shifts in enzyme activities (Fig. 6 ) and the changes in microbial C and N after residue addition (Fig. 5 ) point to changes in the general microbial community with increased crop diversity. Similarly, Eisenhauer et al. (2010) found in grasslands that microbial biomass and function increased with increasing plant species richness. In agroecosystems, both soil microbial communities (Lupwayi et al., 1998; Wu et al., 2008; Xuan et al., 2012) and measures of their functional capacity like extracellular-enzymes (Dodor and Ali Tabatabai, 2005; Acosta-Martínez et al., 2010) are also enhanced by rotations. Thus, changes in microbial community composition could also explain differences in residue decomposition in soils from different rotation histories.
Conclusions
Our research highlights the importance of crop rotations as a viable means to increase aboveground biodiversity while enhancing soil functioning. Although all of the soils used in our experiment were under the same crop (corn) for the year, crop rotation history strongly influenced how contemporary residues were processed. Moreover, these results provide insight into the mechanisms underlying what is colloquially referred to as the 'rotation effect', or the increase in yield often observed in crop rotations. While the rotation effect is typically attributed to declines in weed or insect pest pressure, we show that enhanced retention of N in microbial biomass decomposing high quality residues, more rapid decomposition of low-quality residues, and overall higher microbial activity point to more tightly coupled cropsoil-microbe relationships in biodiverse cropping systems. These soil processes improved by crop rotation then likely feedback to positively influence plant productivity. Given that conversion of natural systems to agriculture can result in soil C and N losses of 30e50% (Davidson and Ackerman, 1993; Grandy and Robertson, 2007) , soil-atmosphere greenhouse gas increases (Grandy and Robertson, 2006) , and losses of soil ecosystem functions such as nutrient and water retention (Guo and Gifford, 2002; Zhang and Schilling, 2006) , agricultural plant communities should be strategically diversified using rotations to restore soil biological interactions and ecosystem services.
